Post-mortem magnetic resonance (PMMR) imaging is rapidly emerging as an alternative 'less invasive' and more widely accepted investigative approach for perinatal deaths in the UK. PMMR has a high diagnostic accuracy for congenital and acquired foetal neuropathological anomalies compared to conventional autopsy, and is particularly useful when autopsy is non-diagnostic.
The main objectives of this review are to describe and illustrate the range of common normal and abnormal central nervous system (CNS) findings encountered during PMMR investigation. This article covers the standard PMMR sequences used at our institution, normal physiological postmortem findings and a range of abnormal developmental and acquired conditions. The abnormal findings include pathologies ranging from neural tube defects, posterior fossa malformations, those of forebrain and commisural development as well as neoplastic, haemorrhagic and infectious aetiologies. Neuropathological findings at conventional autopsy accompany many of the conditions we describe, allowing readers to better understand the underlying disease processes and imaging appearances.
Dear Dr Grant Baxter, Thank you for your review of our paper entitled 'Post mortem magnetic resonance (PMMR) imaging of the brain in fetuses and children with histopathological correlation'. Manuscript ID: CRAD-D-17-00125.
We have reviewed your comments and have altered our original manuscript in response to these. The issues raised have been directly addressed below in red text.
Editor/ Deputy Editor:
Whilst there is no absolute necessity to include an Ethical or consent statement for an article as this my feeling is that some comment would probably be justified give the sensitive nature of this work. I think one or two sentences to address this as a routine service?, previously discussed ethically at point of establishing service, discussion/counselling with parents re nature of work, findings and freedom to publish work etc. would be helpful.
Thank you for your suggestion. We have included a paragraph and subheading entitled 'PMMR within a clinical service' in our article that covers ethics and consent. This appears near the start of the paper after the introduction. An additional three references have been added.
Reviewer #1: 5. Key words: fetal is repeated The word fetal has now been replaced with foetal throughout the written article. 'Fetal' within the references have been left alone, as this is how they have been published and found on PubMed.
Subsequent axial: a space is missing
This has been corrected. 149-151: Question: Which ones are difficult to identify at PMMR in small foetuses? All above? Just the optic nerve? Can you clarify the sentence? Suggestion for the sentence: Ofactory bulbs, cavum septum pellucidum and interhemispheric fissure are all absent although the optic nerves may have a more variable presence… Thank you -your suggestion has been implemented.
149-154: although is used 3 times. Maybe a synonym?
This has been corrected. Figure 7 , 425 -correct hemimegaencepahly This has been corrected.
-reference to
Once again we thank the reviewers for their invaluable input. We believe that as a result of these suggestions, our manuscript has now been greatly enhanced and we do sincerely hope that you will find it publishable in the updated state.
INTRODUCTION

4
Congenital brain malformations account for nearly 20% of all fatal congenital abnormalities 1 , and 5 developmental disorders of the central nervous system are the commonest indications for late 6 terminations of pregnancy (ranging from 29% 2 -78% 3 ). Conventional autopsy can help to confirm or 7 establish the cause of death, as well as provide additional clinical information with which to aid future 8 pregnancy management or in genetic screening of family members 4 . Nevertheless, declining rates of 9 parental acceptance 5, 6 has meant that less invasive autopsy is becoming more important 7 , with post-10 mortem magnetic resonance (PMMR) imaging the most widely accepted investigative approach in this 11 population.
13
Several studies have demonstrated PMMR to have a high diagnostic accuracy for congenital and 14 acquired foetal abnormalities when compared to standard autopsy 8, 9 with a high negative predictive 15 value of over 90%, particularly for the brain 9 
36
radiologists working in this field should be aware of the over-riding legislative framework.
38
Imaging sequences
39
The detailed protocols (with sequence parameters) for brain PMMR imaging in foetuses and children
40
are published elsewhere 9 , 15 . Sequences and protocols are defined for a 1.5T Siemens Avanto 41 machine (Siemens Medical Solutions, Erlangen, Germany), with a dedicated head coil, spine and 42 neck matrix coil, but can be easily adapted for other machine manufacturers (Table 1) . 43 
44
In brief, high resolution isotropic 3D T1-weighted imaging (multi-slice gradient-echo FLASH (Fast low 45 angle shot)) is used, which allows excellent 3D visualisation of the brain structures, and isotropic 46 acquisition, which allows reformatting in any plane. This sequence allows for assessment of cerebral 47 anatomy, maturation of brain parenchyma, but with relatively low signal combined with low contrast.
48
Subsequent axial and coronal DESTIR (dual-echo short-tau inversion recovery) sequences in both 49 axial and coronal planes provide greater contrast and fluid sensitivity. Short TE STIR (short tau 50 inversion recovery) sequences facilitate a more proton density weighted image, and the longer TE
51
STIR more T2-weighted images. Susceptibility-weighted imaging (SWI) for haemoglobin breakdown 52 products, and Diffusion Weighted imaging (DWI) to detect water movement in the brain following 53 death may also be indicated 15 
84
Ischaemia, cerebral oedema and grey-white matter differentiation.
85
Accurate diagnosis of ante-mortem ischaemic injury is particularly difficult to detect using post-mortem 
92
Furthermore, we have noted that apparent tonsillar descent is a relatively frequent "normal" post 93 mortem findings even in the absence of neural tube defects, which may be due to cerebral oedema or 94 soft tissue. At present it is not possible to differentiate the timing of brain ischaemia with any 95 confidence on PMMR in children, and this is an area for further research.
97
Cortical venous stasis
98
Venous stasis is a normal finding following death, but can equally also be mis-intepreted as Holoprosencephaly is a term representing a spectrum of malformations with widely variable outcomes 121 resulting from nonseparation of the prosencephalon by the 5 th gestational week 22 . It is considered the 122 most common significant malformation of the brain and face in humans 23 affecting an estimated 50 123 per 10,000 terminated pregnancies 24 , and can also be associated with other non-craniofacial 124 anomalies the commonest of which include genital defects, polydactyly and vertebral defects 24 . The 125 severity is related to the degree of midline separation with four generally accepted subtypes -alobar,
126
semilobar, lobar and middle interhemispheric (MIH) forms 25 , 26 . The aetiology is broad, encompassing 127 both inherited and non-inherited forms, teratogens and environmental factors (e.g. maternal diabetes).
128
Around 24-45% of all cases will have a chromosomal abnormality (typically trisomy 13) 25 and half of 129 patients with this condition will have a recognised syndrome 27 . 
174
(DWV), although this term is now avoided in preference of a more anatomical description of any 175 malformation "not conforming to the triad" for DWM 35 .
177
DWMs are commonly associated with hydrocephalus (in up to 80% of cases) 36 , and may be 178 associated with other anomalies which can also be identified at whole body PMMR. These include 7 intracranial anomalies such as corpus callosal agenesis, migration anomalies, schizencephaly, or body abnormalities such as cardiac defects 37 
189
Where there is enlargement of the retrocerebellar fluid space but a small cerebellum, the underlying 190 abnormality is typically due to cerebellar agenesis. This may be complete or partial, and can be due to 
218
Abnormalities of Commissural Development
219
The largest commissural tract connecting the left and right cerebral hemispheres is the corpus 220 callosum (CC) which develops between 8-20 weeks gestation, in a rostro-caudal direction 16 . Whilst 221 relatively simple to detect in older gestation foetuses, the CC can be difficult to define on PMMR at 222 1.5T before 18 weeks, and thus the challenge is differentiating physiological development from 223 pathological partial absence. It is unsurprising that in a recently published PMMR series, most of the 224 congenital brain malformations which were both apparently over-called and not detected were related 225 to corpus callosum anomalies in early gestation foetuses (<21 weeks) 9 .
227
Agenesis of the CC may be complete or partial, usually attributed to the stage of arrested 
231
where there has been exposure to known toxic insults, such as in foetal alcohol syndrome 44 .
233
Malformations of Cortical Development
234
Malformations of cortical development (MCD, previously defined as 'neuronal migration disorders' 45 ) 9 genetic disorders or linked with a known insult such as with congenital cytomegalovirus 47 where the 239 presence of polymicrogyria or schizencephaly (Figure 6 ) may be seen.
241
When assessing for MCDs on imaging, one must entail a detailed and careful evaluation of the 242 cortical surface, cortical thickness and other associated brain malformations as these abnormalities preliminary experience in one centre using ultra-high field 7 Tesla imaging have reported improved 245 characterisations of these disorders compared to lower field imaging in live patients 48 . In our 246 experience imaging at 1.5T, the malformations are usually best identified on 3D imaging sequences 247 due to the thinner slice thickness, lack of gap between slices and therefore the ability to re-construct 248 the neuroanatomy in a variety of planes and option to surface render the brain making asymmetric gyral patterns more obvious (Figure 7 ).
251
Abnormalities of Spinal Development (Including Neural Tube Defects)
252
Neural tube defects (NTDs) rank amongst the commonest cranio-spinal abnormalities for which 253 pregnancy terminations are performed with incidence rates ranging from 10-27% of all neurological 254 foetal malformations 49 , 50 , 51 , 52 .
256
The classification of neural tube defects within the medical literature is inconsistent and occasionally 257 contradictory making the accurate reporting of these defects confusing. For the sake of practicality, 
286
The difficulty at PMMR is to judge when the size of the haemorrhage is "significant": whilst small 287 isolated intraventricular bleeds in early gestation foetuses may be considered a normal post-mortem 288 imaging finding, large haemorrhages are unusual in older foetuses. In a large prospective study,
289
PMMR was accurate in the detection of major intracranial bleeds (i.e. those considered to be related 61 , 62 VM may be associated with other neurological abnormalities (e.g.
299
cortical malformations), genetic anomalies (mostly karyotype anomalies) or in the presence of 300 intracranial infection and haemorrhage 63 , 64 . Interestingly, VM has been shown to resolve in 50% of 301 cases between the antenatal and post mortem imaging period, although the exact mechanism is 302 unclear, possibly secondary to fluid shifts following death 65 . Nevertheless, it is important to counsel 303 both clinicians and parents prior to post-mortem examination to this fact, as the diagnostic yield may 304 be variable and the purpose of further post-mortem investigation is in determining causes for the VM
305
(and potential predictions for risks of recurrences in future pregnancies) rather than on determining
306
whether VM was present or not 62 .
308
Congenital Infections
309
Organisms responsible for foetal central nervous system infections gain entry by two main routes, 
312
abnormalities from intracranial infections will depend on the gestational age at which the insult 313 occurred 67 . Where the infection has persisted, there may be a heterogeneous spectrum of mixed 314 developmental and destructive lesions 68 .
316
Of the 'STORCH' infections (i.e. Syphilis, Toxoplasmosis, Rubella, Cytomegalovirus, Herpes), 317 cytomegalovirus (CMV) is the commonest, with the highest mortality rates. It is estimated that at birth,
318
10% of infected foetuses will be symptomatic and have neurological manifestations 69 
